Toxin-Antitoxin (TA) loci consist of two genes in an operon, encoding a stable toxin and an 26 unstable antitoxin. The expression of toxin leads to cell growth arrest and sometimes bacterial 27 death, while the antitoxin prevents the cytotoxic activity of the toxin. In this study, we show 28 that the chromosome of Yersinia pestis, the causative agent of plague, carries ten putative TA 29 modules and two solitary antitoxins that belong to five different TA families (HigBA, HicAB, 30 RelEB, Phd/Doc and MqsRA). Two of these toxin genes (higB2 and hicA1) could not be 31 cloned in E. coli unless they were co-expressed with their cognate antitoxin gene, indicating 32 that they are highly toxic for this species. One of these toxin genes (higB2) could however be 33 cloned directly and expressed in Y. pestis, where it was highly toxic, while the other one 34 (hicA1) could not, probably because of its extreme toxicity. All other eight toxin genes were 35 successfully cloned in the expression vector pBAD-TOPO. For five of them (higB1, HigB3, 36
INTRODUCTION 46
Toxin-antitoxin (TA) modules typically form an operon composed of two genes encoding 47 8 by PCR using thermolysates of Y. pestis recombinants and primers flanking the higBA4 169 operon (Table 1) Quantitative real-time PCR (qRT-PCR). Cultures were performed as described for the 185 toxicity assays. After 1h (E. coli) or 2h (Y. pestis) of arabinose induction, 2 ml of E. coli or 50 186 ml of Y. pestis cultures were centrifuged at 4,700 X g for 10 min at 4°C. Pellets were 187 suspended in 1 ml of RNA TRI Reagent (Ambion), and treated as described by the supplier 188 to isolate total RNA. E. coli and Y. pestis RNA were dissolved in 20 µl and 50 µl of DNase 189 free H 2 O, respectively. DNA was removed from the RNA samples using the DNA-free kit 190 (Ambion). Total RNA was quantified by measuring absorbance at 260 nm. cDNA was 191 synthesized using 1 µg of total RNA and the SuperScript TM II Reverse Transcriptase kit 192 (Invitrogen). Real-time PCR was conducted using the SYBR  Green PCR Master Mix kitinstructions. Relative quantification was determined using YPO3356 (nlpD gene) or 16S 195 RNA gene as a Y. pestis and E. coli standard, respectively (Table S1) binding domain) were first selected, (ii) among these genes, those organized in a putative 213 operon of two genes were kept, (iii) genes with a size comprised between 120 and 500 bp 214 were then retained, and (iv) the final candidates were those that contained conserved motifs 215 found in known TA families (Gp49, Plasmid stabilization, Fic/Doc and YcfA domains for 216 "solitary" Antitox antitoxin identified with RASTA-Bacteria. Furthermore, our strategy 219 uncovered an additional complete TA module (HigBA5) and a solitary antitoxin (RelB2). 220
Thus, a final set of 12 putative TA systems comprising 10 complete modules and two solitary 221
antitoxins, belonging to five distinct families (HigBA, HicAB, RelEB, Phd/Doc and 222 MsqR/MsqA), was identified (Table 2) . 223
The two RelB antitoxins are almost identical, and differ by three amino-acids only ( further repress the ara promoter did not prevent the generation of point mutations. These 247 results thus support the hypothesis that HigB2 and HicA1 are two active toxins, and that their 248 production, even at low level, is highly toxic and lethal for E. coli. 249
The activity of the eight remaining toxins was first tested in an E. coli background to avoid 250 interferences resulting from the presence of the resident chromosomal toxin and/or antitoxin 251 genes. In the absence of arabinose induction, E. coli recombinants carrying each of the eight 252 toxin genes displayed similar growth and viability curves as those of the control E. 253
coli(pBAD-lacZ) strain (data not shown). Upon arabinose induction, the five recombinant 254
strains carrying the higB1, higB3, higB5, hicA2 and tox genes grew as well as the control 255 strain (Fig. 1A ). This lack of toxicity was not caused by an absence of gene expression, since 256
qRT-PCR assays showed that the five toxin genes were overexpressed (>17-fold) upon 257 arabinose induction (Table S2) . Therefore, higB1, higB3, higB5, hicA2 and tox expression did 258 not seem to impact the growth of E. coli. 259
Overexpression of the last three toxin genes (higB4, doc and relE1) had an impact on E. 260 coli growth (Fig. 1A) . HigB4 had the least pronounced effect, characterized by an arrest of 261 bacterial growth 1h after induction. Doc caused a 83.6% decrease in CFU 30 min after 262 induction, and RelE1 had the most dramatic effect, with a 99.9% fall in CFU 30 min after 263 induction (Fig. 1A) . To determine whether these phenotypes were the consequence of a 264 bacteriostatic or a bactericidal activity of the toxins, the percentage of viable bacteria was 265 determined 1h after arabinose induction, using the LIVE/DEAD BacLight Kit. The viability 266 of the three recombinant E. coli strains was similar with and without arabinose induction After arabinose induction, the five toxins that were found to be inactive in E. coli were 277 similarly non-toxic for Y. pestis (Fig. 1B) . Furthermore, two of the toxins that exhibited a 278 bacteriostatic effect on E. coli (HigB4 and Doc), had no effect on Y. pestis growth (Fig. 1B) . 279
Once again, qRT-PCR experiments indicated that the absence of activity of these seven toxins 280 in Y. pestis was not due to a defect in the expression of their corresponding genes (Table S2) . 281
The fact that these two toxins were active in E. coli but not in their natural host Y. pestis was 282 puzzling. A possible explanation would be that the toxins produced by the recombinant 283 plasmids were inhibited by their cognate antitoxin encoded by the Y. pestis chromosome. To 284 test this hypothesis we decided to delete each of these two TA modules from the Y. pestis 285 chromosome and then to introduce and overexpress the cloned toxin gene. Our attempts to 286 delete the phd/doc module from the CO92 chromosome systematically failed, even when the 287
Phd antitoxin was produced in trans to counteract the possible addictive effect of the Phd/Doc 288 module. In contrast, we succeeded in deleting the chromosomal higBA4 operon. When 289 pBAD-higB4 was introduced and overexpressed in the deleted strain, the bacteria grew as 290 well as the Y. pestis control strain carrying pBAD-lacZ (Fig. 3) Of the eight toxins tested, RelE1 was the only one to display a toxic activity in Y. pestis 294 (Fig. 1B) . Indeed, arabinose induction of relE1 after 6h of growth caused a 75% decrease in 295 CFU at 10h, and this decrease reached 95.8% at 24h. Whether this growth defect was due to a 296 bacteriostatic or bactericidal activity of the toxin could not be determined in Y. pestis because 297 of the high propensity of these bacteria to aggregate in liquid culture media. 298
The higB2 and hicA1 genes could not be introduced into Y. pestis because their cloning 299 failed in E. coli, most likely because of their high toxicity. We therefore attempted to clone 300 these genes directly into their original bacterial host, Y. pestis. While all cloned hicA1 genes 301 contained mutations, recombinant plasmids carrying an intact higB2 gene were obtained in 302 strain CO92. The presence of this plasmid did not affect Y. pestis growth, but arabinose 303 induction of higB2 resulted in a severe growth alteration (Fig. 1B) . Two hours after induction, 304
HigB2 overproduction led to a drop of 99% in CFU number. 305 Therefore, of the ten chromosomal TA modules identified, three seem to carry a toxin 306 active on Y. pestis. In two cases (RelE1 and HigB2), the functionality of the toxins could be 307 demonstrated, while in the third case (HicA1), only indirect evidence could be obtained, 308 probably because of the extremely high toxicity of the protein. 309
Functionality of the antitoxin components of TA modules producing active toxins in 310 E. coli. Three cloned toxin genes (higB4, doc and relE1) were found to be active in E. coli. 311
To determine whether their cognate antitoxin is also functional, the entire modules were 312 cloned into the arabinose-inducible expression vector pBAD-TOPO and introduced into E. 313 coli Top10. The recombinant strains were grown exponentially and the production of both the 314 toxin and its antitoxin was induced by arabinose. While production of each of the three toxins 315 alone caused a growth defect, the co-expression of the toxin and its antitoxin led to a 316 on November 13, 2017 by guest http://jb.asm.org/ Downloaded from complete inhibition of the toxic effect, with growth curves identical to those of the non-317 induced bacteria (Fig. 4A-C) . Since the toxin genes higB4, relE1 and doc were found to be 318 overexpressed upon arabinose induction in these constructs (Table S2) , the loss of toxicity 319 could not be attributed to the non-expression of the toxin genes. Our results thus show that the 320 HigA4, Phd and RelB1 antitoxins are functional and can prevent the toxic activity of their 321 cognate toxin. 322
Since co-expression of the antitoxin gene could prevent the toxic effect of the toxins, we 323 wondered whether the presence of their cognate antitoxin genes could allow the cloning of 324 intact higB2 and hicA1 genes, which were systematically mutated when cloned alone in E. 325 coli. Indeed, when the complete higBA2 and hicAB1 TA modules were cloned into pBAD-326 TOPO and introduced into E. coli, no mutations were found in the higB2 and hicA1 327 nucleotide sequences. These results further strengthen the premise that the failure to clone 328 intact toxin genes was due to their potent toxic effect on E. coli. The efficiency of the HicB1 329 antitoxin to prevent the toxicity of HicA1 was evidenced by the fact that, despite the 330 overexpression of the toxin gene upon arabinose induction (Table S2) , the growth of the 331 recombinant strain was comparable to that observed in the absence of induction (Fig. 4D) . In 332 contrast, the HigA2 antitoxin capacity to inhibit the toxicity of its cognate toxin appeared to 333 be less efficient since overexpression of the module led to a slightly delayed growth rate (Fig.  334   4E) , although not to a growth arrest. These results thus indicate that HigB2 and HicA1 are 335 active and potent toxins and that their cognate antitoxins are also active and can prevent cell 336
death. 337
Hence, five Y. pestis chromosomal TA modules (higBA2, higBA4, relEB1 and phd/doc and 338 hicAB1) appear to be functional in E. coli. 339 their two genes were cloned in tandem in the pBAD-TOPO vector and introduced into E. coli 343 Top10. Despite the overexpression of relE1 upon arabinose induction (Table S2) , the 344 coproduction of the RelB2 antitoxin prevented its toxic effect on E. coli growth (Fig. 5A) , 345
This demonstrates a cross interaction between components of the Rel family. This capacity to 346 cross interact could be due to the fact that the sequences of RelB1 and RelB2 are highly 347 similar, with three amino-acid difference only (Fig. S2) . 348
We thus decided to study possible cross interactions between distantly related modules 349 such as HigBA2 and HigBA4, whose antitoxins share 14.8% amino-acid identity only. For 350 this purpose, higB4 toxin was cloned in tandem with higA2 antitoxin, and higB2 toxin with 351 higA4 antitoxin in pBAD-TOPO. In the (higB4-higA2) construct, despite the overexpression 352 of the HigA2 antitoxin, HigB4 was as toxic as when produced alone (Fig. 5B) , showing that 353
HigA2 is unable to counteract the HigB4 toxicity. We also looked at the reverse construct 354 (higB2-higA4). HigB2 was shown above to be so toxic for E. coli that an intact gene could not 355 be cloned, unless it was coupled with its cognate antitoxin. In all recombinant E. coli carrying 356 the higB2-higA4 module, the higB2 coding sequence contained point mutations, indicating 357 that the presence of the HigA4 antitoxin was unable to counteract the HigB2 toxicity. 358 Therefore, cross-interactions between chromosomal TA modules of the same family could be 359 observed, but only when the modules were almost identical. 360
361

DISCUSSION 362
Our in silico analysis predicted ten putative TA modules belonging to five families (Hig, 363
Hic, Rel, Phd/Doc and Tox/Antitox), and two putative solitary antitoxin genes (HicB3 and 364 pestis despite overexpression of their toxin genes. Their apparent absence of activity could be 367 due to the non-functionality of the genes, but it may also result from experimental conditions 368 that do not allow proper toxin activities or expression of their targets. Arguing for this 369 hypothesis is our previous observation that specific growth conditions regulate expression of 370 these genes. Indeed, phd/doc and tox/antitox expressions were induced during the stationary 371 phase, whereas transcription of higB3 was induced at 37°C, and phd and higA5 were more 372 expressed at 28°C (6). Transcription of phd/doc genes was also induced in human plasma, 373
suggesting that conditions mimicking the in vivo environment might be necessary to 374 Only one toxin (RelE1) was found to impair the growth of both E. coli and Y. pestis. This 389 toxin, along with HigB4 and Doc, were found to exert a bacteriostatic effect, leading to the 390 inability of the bacteria to form colonies. However, if prolonged, this stasis could ultimatelylead to cell death. Indeed, overexpression of the antitoxin MazE was previously shown to 392 resuscitate E. coli cells which overproduced the MazF toxin within a period of 6 h only (2), 393 after which bacterial death started to occur. Since the relEB1 module has previously been 394
shown to be a stress-responsive operon (20), it is possible that this module is involved in Y. 395 pestis adaptation to changes in host or environmental conditions. 396
Interestingly, RelE1 is the toxin that had the most drastic effect on E. coli growth. This 397 may suggest that the basal level of Y. pestis resistance to addiction toxins is higher than that 398 of E. coli, and therefore that only very potent toxins can impair Y. pestis growth. Arguing also 399 for this hypothesis was the observation that a functional higB2 toxin gene could not be cloned 400 Table 1 . Primers and plasmids used in this study.
